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Information published in chemical journals from 1953 to 193% on
tre thermodynamic propertics of the component gases of.exhaust gases
bazhd on spectroscoesic measurements were used as data for computing
the ideal values of work, mass flow, nozzle velocity, power, and tem- .. -
perature change involved in the 1hmrnofvnam1c Processas (of A gas tule
binz. Curves from which this information can convenierntly be obtained
are zivern. An additional curve is included from which the beat flow -~
nay be calculated for noradiabatic urocesses. ‘

Nad

A\ mathod of compubation is presentod in which the thoermodynamic
quantltjnc agssociated with an LS;H*!”“lL nrocess arse calculaled by the
use of two eifective values of the ratio of specific heats «  simply
rolated te the vatn@ of y at the start of the process and te the
rressure ratio.  These values of 4 are used in the egualions derived

en the assumphbion of constant specific heat and thus permit convenlent
algebraic manipulation of the thermodynamic guantities. The relation
of these vajuss of "y ‘to the conventional thermodynamic funcitions and
the condition for the validity of the method is derived. This method
2pplies accuratoly for thermodynamic processes occurring within the
temperature rangs of about 700° to 2700° ¥ absoluie.

i

IWTRODUCTION

In the computation of turbine efficizncy f{rom test data, the
gower output of a turbinz may be dstsrmined from dynamomsier-stand
tests or their QWLVﬂlwnt. The power input or the ideal power avail-
able from the exhaust gas, however, must bo computed from ths thermo-
dynamic properties of the gas, Other items of interest in exhaust-
ras-turbine cgmputations avs bthe ildoal temperature drov, nozzle wvslocity,
and mass flaw. In thess computations variocus organizatlons concernsd
with the te2sting of turbines have baon using tablss derived from dif-
feecont sources and involving diifirent assumptions and appreximations.
This report.was preparad at ths rejuest of the NACA Subcommitbze on
Recovery of Powaer from BExhaust Cas for standardizing the data involved
in 4 computation of turbine =Cficioncy and the other important items
of turbine performancs.
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The thermodynanic propertics of the component gases of exhonst
gas taken from references 1 t¢ 7 are tabulated for & temperature ronge
from h0° to 27“‘0 w uusoiutp and cquations and tables are given for

compunting these pronertiss fnr mxhaust gas for any given funl-air ratic
of the mixture and hydrogon—carbon ratio of the fuel. The basic data
WeT e originalﬁv computed from stectreosceonic measurements, which are at
the prasent time considernd te Le the mest accurate source of infeorma-
tion on the ,h@rmodynamlv rroparties of gases at High tamperatures.

In order to lessen the laber on the part of the user, curves of the
- idesl work, msss flow, nozsle velocity, and tember‘fure drep covering
the rarge of fwel“mlf retiocs from O to 0,12, hydrogen-carbon ratios
from 0,084 to £.200, initial gas tamparatures from 12000 to 24,00°
absoluts, and ;PC‘%ire ratios from 1 to 10 are given.

z npleted at the pdrcraft Engine Research Tabora-
tery of the NntJorQW Advicory Committes for feronautics, Cleveland,
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i area, (sq fi)
. . [l I o~ . ) 31 R S 1 Y
op  mass ccelficient of discharge, (lo;/(tneurmtinmL ib)

C  specific hest at ceonstant pressure, (Ftu)/ (1o mole)(®w)
cp  specific heat at constant pressure, (%tu)/(1b)(°r)

« ; PN
cy  specific heat at constant velume, (Rtu)/(1u)(°F)

Eo the =snergy zero, cor the energy of corbustion at the absolnte zero
of temperature, (?tv)/(lh mele)

i iibbs! free energy

f fuel-air ratio, (3b)/(1c)

o 2 {1b)/(slug)

(rtw)/(1b mole>

h enthalpv, (Ftu)/(1lb)

J mochanical eqaivalent of hast, 778 (£t-1b)/(Ftuw)
guilibrium constant

¥n  corrscticn factor for changes in mean molecular weight
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correcticn for changss ir mean molecular specific hast
combined corraction to the mass fLow per unit area
mags flow of fluid, !slng)/(s~ec)

hydrogen-carbor ratio of the fuel, (1b)/(1b) (assumed atemic
welghts, hydrogen 1.068, carbon 12.01)

mean molecular weight of air, (1%)/(1b mole)

power, (hp) or (fi-1b)/(sec) |

turbine shaft pewer, (hp) or (£t-1b)/(sec)

pressure, (1b)/(sq £%)

heat quantity added to a fluid, (%tu)/{1b)

universal gas constamt, 1G4E,7 (£3-1b)/{1b mele)(°F)

gns constant for zir, (£t-1b)/(1b)(OF)

gas constant for a gas mixture, (£i-1b)/(1b)(°F)

ertropy of the idesl gas at 1 atmesphere; (Btu)/(1b mole)(°F)
entropy of the ideal gas at 1 stmosphere, (Btu)/(1b)(°F)
temperature, (°F absclute)

velocity, (ft)/(sec)

volume, {cu )
work done by a gas, (ft-1b)/(1b)

ideal werk in thermodynamic process, (F£i-1b)/(1b)

ratio of the specific heate ¢f & fluid

affsctive value of v  for enthalpy-change computaticns
effzctive value of vy for tamparsture~change zcmputations
turbine-shaft efficiency

density, {slug)/(cu ft)
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Subscripts:

1 refers to conditions at higher pressure or temperature
2 refers to conditions at lower pressure or temperature
4 air |

b burned mixture

cr critical

ANATYSTS AND DISCUSSICON

Simplified Method of Thermodynamic Computation
Ideal turbine power avajilable. — If the heat transfer to the

surrounding medium is neglected, the eguation for the conservation

of energy gives the following relation between the energy at the

entrance and exit of the turbine and the work W done by the gas per

unit weight:

[-Tl N rT
. & =

T
o

xEael l_ 2 e \
; ] cpd1 + oy Ut W (1)
- O u' O

T ;
The quantity!’ cpdT is called the enthalpy, or heat content, and
e

is usually desisnated he. For an ideal gas having a constant specific
heat, equation (1) reduces to

d 3—__ 2__ m l 2_._
Jcpll + 5 w o= JCpL2 + T u,t + W (2)

If it is assumed that the specific heat in equation (1) does not
vary appreciably from its initial wvalue during a given expansion pro-
cess and that the process is isentropic, the temperature and pressure
are connected by the relation

-1
o
To/T1 = (pa/p1)

and equation (1) becomes
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When the approach velocity w; 1s small as is often the case, 5 u12

may be neglected. Since a turbine or other working device can theo-
retically be designed to have zero leaving velocity wu,, the ideal

work Wiy that may be derived from the gas in a flow process on expan-
sion between the pressures p; and p, 1is given by

-l .
W . Po \Y
th ( ) )
RbT]_ Y—'l \pl f

Where the approach velocity wu; 1is large, the term ul%/ZgRle should

be addad to the right-hand side of squation (L) to obtain the total
ideal work available. An slternative and possibly more convenient
method of taking care of wuy is to use the stagnation temperature and

total prassure in equation (4) for Ty and py, respectively.

In the case of an actual gas the assumption made in the derivation
of equations (2), (3), and (L) that the specific heat does not vary
during the expansion process is not strictly correct, The fundamental
method of computing Wﬁh/Rle that takes into account the variation
in specific heat during the expansion process is given in detail in
appendixes A and B, together with the tables necessary for computing
this guantity for a range of hydrogen-carbon ratios, air-fusl ratioes,
initial temperatures, and pressure ratios. This method will be called
the classical process. It involves the computation of enthalpy and
entropy. The data used in these computations and listed in table I
were obtained from references 1 to 7 and are based on spectroscopic

measurements. The assumptions made in these computations are listed
in appendix A,

An alternative procedure, which led to a convenient presentation
of this information and a simplified method of computation, is as fol-
Jows: The value of Wih/Rle was computed by the above-mentioned

classical process for a given sat of operating conditions (pressure
ratio, initial temperatursz, and exhaust-gas composition). An effec-
tive value of ¥, designated Yy Was then computed from this value

of Wiy/RpT; and pressure ratio by means of equation (4). This
value of Y provides a means of calculating the value of Wth/Rle
from the equation
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- for the specific cnndi*ion% for which this valuae of Yy, applies.
Values of vy, computed by this procedurs for a rangs cf ceaditions
bracketing the aperating ces ditions of isterest in exhaust-gas-turbine
spplicatioanps ars shown in ngure 1 plotted against Y1 fer the pres-
sure ritios py/pp of L, &, and 10 for a range of tenpsratures and
Ter several mixiures, namely,

Congstituents Fuel-air ratio
Air .

Alr 4 octane 0652

Air + oclLane L1Q0

Alr + henzene 10D

Fhen v, 13 divided by ylg all the ‘ata similar to that in figure 1
an be plottad on 2 single curve againct pressure ratlo as shown in
figurs 2(a). Thus in tnj range of gis~turo¢ne applications, the value
of v, can be obtainei from the vaina of +y, and prassure ratio by
means of fipure 2(a). -

The decrease in scatter of the points about the faired curves

in
figure 1 with ilhersase 1o pracsure ratio isg noted. The characteristics

of eynation () are such that small jndccuricieg in the value of
Wth/Rle introduce relatively large dispersionsz. in tae leﬂm of
caleculated from eguation (L) for prossura ratjoo Ul/p near unity;
the dispersion decreases as pressure ratio is increased. Trus small
irregularities in the tJbaiatLq valies of entropy and enthalpy as, for
irJ duc il glaph of entropy,

syamplea, a variation »f one unit in ih th
cause consideravle scatier in the ralalion between vy, and yy for
the lower pressure ratioes. Thz decreas:z 1in ucatner 2g tha pressure

retic is increased demonsitraties the fandamzatnl scoundness of this metneod,
whichr is in eifect a mothod of Fairing specific-hoat data.

Bacaase Yh/Yl ie a function oaly of pressurs ratio in the pressent
case, it ig a parent from eguation (8) thatb ”tk/ﬁle ig a8 funciion

of y1 and the prezsure ratio. Figurs 3 is a plot of Wen/RpT1
aﬁainst pressurs ratic pl/pg and yp obtain~d by mesns U equation (5)

and fisurs 2(u).

The instantaneous values of y are chown in ficure L
against the fuel-air ratio and the temperaturs for Two vl
hydrogen—carbon ratio. The spread of the curves with 1 n-carbon
rutio is emall, and linear 1nter olation betwpeu the Wieo velazs given

will yield accurate rssuits.




The value of the gas congtent Ry, 1is given in figure 5 plotted

agalnat fuel-air ratio and hydrogen-carbon ratio., In the figures
and tables sghown, air was assumed to be dry with the composition

Ny mercent by volime 78
Oz percent by volume 21
A percent by volmme 1
which has a mean molecular weight of 28.%7 (1b)/(1b mole) and a gas

congtant R, of 53.35 (£t~1b)/(1b)(°F). The method of computing
Ry and 7, 1s described in detail in appendix B,

Jdeal temperature drop. - For the cage in which the specific heats
ars congtant, the temperature ratio Tz/Tl in an isentropic process
1g related to the pressure ratio as follows:

=3

B
T2 ‘/ Pz
TR ' (6)

This relation does not apply in the actual case in which the specific
heats vary during the thsymodynamic process. The procedure previously
described can, however, be applied to tiais case. The temperature
ratio for any given set of conditions is computed by the classical
process from the data given in table II. An effective value of vy
for temperature computations, designated vyy, 1s then computed from
equation (§) and the known values of temperature ratio and pressure
ratio, The values of vy were computed over the same range of tem-
peratures, pressure ratios, and gas compositions used In thc compu~-
tation of 14 As in the case of h it was found *that the ratio
of 7y to 7y; was a function only of pressure ratio in this range
of conditions. The ratio of the value of ¥y to 7y is shown in
figure 2(b) plotted against pressure ratio. Thus the tempsrature
ratio in an isentroplc process can be computed from the egquation
7t

N

|

3

and the data given in figure 2(b). It is apparent from equation (7)
and figure 2(b) that Tp/T; may be prescnted as a function of by/py,

Y1. A plot of this function is shown in figure 6.



Figure 7 shows a plot of -JAh/R,Ty against TQ/T% and Yy
obtained from figurss 7 and 5. Although figures % and 6 relate

or:ly to isentropic procesues, figure 7 is not so restricted because
JAh/RbT1 as a Tunction oi tempsrature change is indenendent of th=s
tvpe of process, TFigure 7 may, therefore, be used to compute changes
in enthalpy arising frow any cause, such as heat addition or romoval
by heat transfer or other nonissntropic processas. In lsentro.ic
nrocesses  «Jih  is equal to Wy

Tdeal density ratio. - The equation for the density ratio p2/p.L
follows from oquation (7) and the gas law

L

7
o] Ny~ b .
~....2 ::af/""""i? } i (>:’)

Ideal nozzle velocity., =~ Th iieal nozzle velecily may be
ebtained by equating the kinetic encrgy at the nozzls to the theo-
retical work ‘

frem which

Tdeal mass flow. - The ideal mass flow is given by Y = p2u2Ac
rom equations (%), (8), (9), and the perfect gas luw

— v T
! .-.(/pz\\t ’\! Bl il P2y | (10)
T W—rlpmn i — ——— s e
p]fi \\}’Jl ya i; th-«l L \\pl o %

This relation holds for a convurgont—type nezzle for subsonic velocitiss
and for convirgent divergent nozzles of the proper shape over the entirs
flow rang=.

Fer flow at a greater-than-critical pressure ruatio through 2 con-—
vergent nozzls, the mass flow has the critical valuc, Ths mass flov
at eritical pressure ratio has boen computed as a function of Y1
assuming that criticzl flow 2xists when the local Mach number is anity
at the nozzl: throat. For this calculation it was noceissary to knew
the instantan.ous vilus of Yo at the throat. The ratio 7p Aivided



by Y, wae computed and found to be very nearly a function of pres-
sure ratio only. From these data the quantity

Moz, /2Rp Ty
plA

has been computed., The results are shown in figure 8 plotted against
Y- The critical pressure ratio is also shown in this figure plotted
against Yy»

Theoretical basis for effective values of vy« - The conditions
for which the foregoing presentation involving the use of effasctive
values of y 1is accurate are derived {rom theoretical considerations
in appendix C. It is shown that in the range in which log vy plotted
against Js/R, is a straight line, the following relations are obtained
for isentropic processes: '

1. Yp/v; 3is a function only of .pl/pz-
2. yy/v; is & Tunction only of Py p,e

5@ Yh/Yl iS 3 fu’ﬂCtiOﬂ Of Yl a,I'ld pl/p2; hov;ever, for the

rangs of conditions of praesent interast, its dependence on Y1 is
negligible.

L. To/T1 is a function only of vy and Py /Po*

5 Ah/RpTy  is a function only of vy “and py/Pse The fol- |

lowing equations are d-rived. (See equations (LL) to (L6) of
appendix C.)

Y2 (YY" ,

- 5-2-) (L)
vi

Tt By : «

"o (55 (L45)
5

T Pl)
ne 55 (L6)
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where r is the slone of the curve of log 7 against Js/Ry. Curves

are given which show that in the range of gas-turbine apolication the
value of r is -0,014% for the following mixtures?

Constituents Fyel=air ratio

Aiy 0

Air + octane .0662
Air + octane »100
Air + Dbenzene » 100

The same value of r may be expected to hold for intermediate gas
compositions because the same value was found to hold for all the
component gases except carbon dloxide. The range of temperatures over
which the relation is valid is nearly constant for all the diatomic
molecules considered. These molecules are the chief constituents

of exhaust gas. In the derivation of the expressions for 7t/71

and ¥u/77 given, use was made of the fact that r is small com-

pared with unity. The general relations, not limited by this con-
dition, are given in ansvendix C,

This analysis orovides a convenlent means of determining the
range of validity of the method. ZIExamination of the curves of
log ¥ eogainst Js/Rb reveals that the values of 7 for a specified
value of g given by a straizht line having a slove r differs from
the actual value of 7 by C.l vercent or less in the temperature
ranze from 9009 to 25000 F abgolute., The error in the values of
theoretical work of temnerature comvuted from equations (5) and (7)
will Dbe less than 0.1 povcent for an error of the effective values
of 7 of 0.1 nercent. The method can be used with very good
accuracy for thermodynamic wnrocess occurring within a temperature
rangs from TOCO to 27002 F absolute. This temperature range covers
the range of interest in gos-turbine work.

Tquations (44) to (U6) nermit computation for an isentropie
process of the temperature corrosyonding to the higher pressure
(subscript 1) and the ideal work when the temperature at the lower
pressure (subscript 2) is known., For examole, the value of o

corresponding to To can be obtained from figure Y. The quantities
71, 7ty and 7y can then be computed from equations (44) to (46),
The temperature T7 and ideal worl: can then be obtained from equa~

tions (6) and (5), resvectively, and the effective values of 7 o
from figures 6 and 3 aad the value of 73.

Working charts for gas-turbine computationg, = In figures 9§, 10,
11, and 12 the same thermodynamic quantities are presented in a form
that was thought to be more familiar to turbine designers and
eagier to use, In each case the principal curves apily for air and
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the corr:ction factors take care of other gas compositions. The
thermodynamic property given in any figure is multiplied oy all of
the corrections appearing on that figure. Figure 9 shows the ideal
work plobtted against pressure ratio and initial gas tempsrature. -
The terms KY and Kp are correction factors that depend on the
fuel-air ratio and hydrogen—carbon ratio. The values of Wy, taken

from figure 9 are rmltiplizd by these correction factors. Figure 10
shows the i1deal jet velocity plobtted zgainst pressure ratio and initial
gas tomperature. The values taken from this figure are to be multi-

plied by t®e correction factors KYl/z and KR1/2 to correct for

the exhaust-gas composition. Figure 11 shows the ideal mass flow”
plottad against pressurs ratio for various initial temperatures. Thesc
values are to be multiplied by the correction factors Ku and

Ep ©» It is assumed in this figure that the nozzles are of the con-

vergent type and that the mass flow is constant above the critical
pressure ratio. Figure 12 shoms the idesl power per square inch of
nozzle area par inch of mercury of inlet vressure as a function of
initial temperature and pressure ratio. The values given by this

NI

ws KY’ and KRl/Z.
Tn figure 12 the mass flow is taken as the critical walue for all pres-
sure ratios abowv: the critical ratlo, but the work per pound is taken
as the idsal value over the entire pressurce-ratio rangs.

figure must be multiplied by the correction factors K

The method by which the correction factors were obtained is
described in appendix D.

For the convenience of the reader in preparing enlarged charts,
the data from which the curves of this revort were plotted are tabu-

lated in tablass III to XIIT. The correction factors KY and Kp can
be computed from table XIII and figure 1l by the use of equations

given in appendix D.

Sample Computations

The following computation is #iven to illustrate the method of
obtaining the information from the two sets of curves: (1) figures 3
to 8; (2) figures 9 to 12.

1. Let it be desired to compute the ideal work, power per square
inch, temperature drop, mass flow, and velocity for the case of exhaust
gas having the fuel-air ratio of 0.09), hydrogen-carbon ratic of 0,189
(octane), initial temperature of 14009 F (1860° F absolute), initial
pressure of 30 inches of wercury absolute, final pressure of 10 inches
of mercury absolute, and pressure ratio of 3.
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L. Tdeal work:

From figure I

Yy = 1.306
From figure ©
By, = n7.68
From figure 3
Wn
——— [e C:
N 0,967¢
Wiy, = 0.9A77 x E7.68 x 1660

103,800 (ft-1b Y/ (1b)

ihe value of W, car also be computed from equation (5) and fig~
ure 2{(a) if greater accuracy than that given by figure 7 iz desired.

. Ideal discharge velocity:

From equabion (%)

iy =/ 2g Wy,
=/ 2 x 22,2 x 107,800

U, 2885 (ft)/(sec)

0, TIdeal mass flow through convergent nozzle:

From figure 8

~

y i
’“chﬂ;Rb*l ) o
—— E 0,0603

plﬁ

or



D. Tdeal powsar:

1
g ML
Power per sgq in = G el 3
834 F Dq dale gao {\ J‘t’

2.2l (np)/(sq in.)

!
M

E. Tdeal discharge lemperature:

wrom figure 6

s LK

Tn = 1428° ¥ absolute

The valus of

could slse have been computed by means of equa~
ticn (7) and

e 2(b).

2. The zame informaticn can be obtained from figures 9 te 12,
A, Tdeal work:
From figure 2
(Hin) gy = 122.3 (Ftu)/(1h)
Ku = 1,081
Ky = L0077

Wy = 122.3 x 1.08L x 1.0077

i
j
=
W
»
o
2
=
-~
e
ct

|
{.j_:

el
\\\
—
ol
o
—

. P -

B, Tdeal nozzlie velocity or ideal discharg

!

Prom fipgure 10



(u")) - = 2117‘3 (ft)/(.sec)
<« <

2 1.0L0

i
-
H

i

1.00%9
= 2476 x 1.040 x 1.C0%9

2585 (£t)/(sec)

=
D
Y

C. Idecl mass flow through convergent nozzle:

From figure 11
-

' T \
(? 52%) = 0.00557 (1b)/(sq in.)(in. !g)(sec)
- ‘l- Falr )

1/
) Ve . a.0e2

K= 0.99%2

g —— = 0,00597 x 0,962 x 0,99%22 x %0
= 0,1711 (1b)/(sq in.)(sec)
D. Ideal power:

From Tigure 12
— ) - = 1,022

K. o= 1.0077

K 1/2 = 1.040

Y= 0,99%2

[}

Power per sq in, = 1,072 x 1.0077 x 1.04C x 0.99%2 x 20

= 22,22 (np)/(sq in.)
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'he dotted lines in figures 9 to 12 illustratzs the method of reading
ne values of the correction Factors from these figures.

Tigures %, 6, 7, 9, 10, 11, and 12 have been reproduced as large
prints suitable for computations. A set of these orints is oitoched.

”ﬂ\}\. }""I.IG R ‘mz RKS

The spactroscopic speciiic heat data and classical method of com-
rutation of thermodynamic propertiss of gases are given. fn alternative
mothod of ccmputd+L0n in which the thermodynamic quantities assoclated
with an isentropic expansion are calsulated by use cf two effective
values of rmtlc of specific heats ¥ slaply related to the value of ¥
at the start of the nrocess and to the pressurs ratic is presented.

These values of ¥ are used in the equetiocus derived on the assumption
of zonstant specific heat and thus pernit convenilent aleebraic manipu-
lation of the thermodynamic quantities,

Twe sets of charls for determinslion of the therrodynamic aquanti-
are given. One set is of & genersl nature in which nondimensional
fficients are used. In the sscoad set of charts gpecific data of

Aircraft Fngine Hesearch [abor
National Advisory Joumitt
Cleveland, Chio,

atory,
ee for Aeronautics



LPFERDTL A
LIST CF ASSI'ETIONS

The folluwing assumplion are made in computatlons of this
report

1. The composition of the oxbausl gas does not change in
going through the thermodynanic process.,

2. The composition of the sxhaust gas in the mixture range
leaner than stolchicmetiric is based on the condition that the fuel
is corpletely converted to G0Ny and H50.

Z, The corrosition of the evhaust ges in the mixture range
richer than stoichiometric iS governad L: the eguilibrium equation

(20)(1,0)
( 1) (C02)

(11)

where the equilibrium constant ¥ is frozen at ithe value of %.8,
(See reference 8.)

Ty
L.;
vt
42}
iy
<

4e The amount of unburned hydrocarbons in the exha
negligible.

Ce The intsernal energy staltes of each cowmponent gas are in equi-
libriun,

6. Txhaust gas hehaves as a perfect mixture of perfect gases.
With regard to assumpticn % it is known that thecret'“allv'th

equilibrinm constant ¥ depends on the gas temperature. The following
values are taken from reference 9:
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EQUILIBRIUM CONSTANT FOR
WATER-GAS REACTION

2

Temperature
(°F abs.) | (°C abs.) .

540 300 | 0.0000103

720 - 400 - .000147
1080 600 .0369
1440 900 248
1800 1000 L7113
2160 1200 }1.395
2520 1400 2.20
2880 1600 3,055
3240 1800 3,80
3600 2000 4,56
3950 2200 5.21
4320 2400 5.77
4680 2600 6.22
5040 ’ 2800 6.592
5400 ; 3000 6.92

These valueg are computed from sgpectroscopic data by means of equa~
tions derived by the methods of statistical mechanics. On the other
hard, experimental determination of the composition of exhanst gas by
D'Alleva and Lcvell {reference 8) leads to an average value for the
aguilibrium constant of 3.8. Thig value was obtained by analysis of
cooled exhaust gas having an initial temperature probably leass than
2000° F absolute. At a gas temperature of 2000° F absolute, the
table shows a value for K of 1.07; whereas the value for XK of 3.8
corregponds to a temperature of 3240° F absolute., The conclusion
drawn from this evidence is that the rate of the water-gas reaction
is so slow for temperatures below approximately 3240° F absolute that
for exhsust-turbine computations the egquilibrium may be considered as
frozen at the composgition corresponding to an equilibrium congtant of
3,8, Thig is also the bagis for assumption 1. Although this
aggumpbion may be superseded at gome later date by a mors accurate
aggumption, it is believed to be considerably more accurate than the
agssumption that gas is in equilibrium at each temperature in accordance
with the table.
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APPENDIX B
CLASSICAL THERMODYNAMIC CALCULATION

The method of computing Wy, is based on the fblldwing con~
siderations. The heat added during a thermodynamic process is
equal to the sum of the changes in internal energy and work

1

dq = ghle dT + 5 pdj (12)
but
pdv = d(pv) - vdp = giR, dT ~ vdp
Thus |
dq = gic dT - & vdp
* P Jd

For the case of zero heat added or subtracted during the expansion
process, including heat arising from the formation and dissipation
of turbulence, .

dg = 0 and gMbpdT - % dp = O (13%)

But by the gas law

pv = gMRyT (L)
Then
DT d g (15)
T Jd P

(16)
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y
The quan ‘[ 3 Cn, iﬁ ie the difference in entrcpy of the gas
at s preu%urf cf 1 atmosphere mnd 1is designated by the smyhbol
ts (T) = S(Ty) - 8(Tx)s
 Thus . )
- p “
% 10g X = () - s(1y) (17)
J Px ‘S .

The guantity s(T) for s p‘"en

e

ol exhaust gas chtaired Tron t sh

8 18 a function of T only. Th

n references 1 tc 7, are listed

ga.

values of. 3(T), *he en.r W ner mcle of the elementsry components
le
io

in table I, 3ince the zomporsiti
during a given expansion :rccess, the censtant
been neglected in all the cslsulations.

o

The ideal work dore. by the gas during this
eguatioen [7)

Ly ’:
A ;-:i Al - f’ S c (4’:'*

where T, and TY sre the totsl temperalures,

1t interes

fer a
T nalpy and

of i
The values of i( ), or envaalph

“O

.t.
giv
}ound me le

n f the gas 1s zssumed cconstant

antropy oi mixing has

vrocess is given by

(18)

7

5

8]

-
he quantity f :
o
riin

is a furcsticn ond
ren the symbel (1),

of the components of

exhaust gas given in table I, were taken from references 1 to 7.

Thus
sﬂ‘l'h h(ix) -~ .xl(m:y> (19)
Tha method cf computing Wiy, called here the classicsl process,
censists of the fol7om10$ stens, From the known V?l*eu of py/r
and Ty the value of Ty for an ai'a hatic expansicn is found 1rom
equaticn (17) and the tabulated valuss of SiT). Since Ty and T

are kncwn, the valive of iy can be oubts Gred from equation (19) and

the tabulated valves of H{T).

The values of the Thﬁrmodynamic fanetions

¥

h, =, ¢cp, and R

are cemputed on the hasis of assumptiors given in appendix A. Ls a
result of assumption &, tne heat centent of a mixsd gas iz the sum of

the heat content of each component multiplisd by

that component to the total msss of the mixture,
batween the properties of the mixture and those
hcelds with regard to s, c¢p, and R.

the retic of mess of
b similar relaticn
of the constitnent gases



In the cass ﬁI +h as constant Ry the processes may be
s the meen molecular welpht since the gas
t of any ideel gas is esyual to the unlvmrsal

Tiel-air retics leaner than steichiometric. - Consider the com-
usticn ot 1 mele weight of air of mean molecular weight of Aj.
hen M, 1is the mass of air 2nd My is the mass of fuel. The mass
of oxygen consumed 1is

=i

{14
1k g

i

s
[

o

_bm
V16 *

!._I
N
L

]

and the masses of water wapor and carben dicxide produced are

16 - f 1+m moand 35 y5; » respectively.
:C m 2 17

The fellewing equaticons connecting the thermodynamic properties
of the mixtore with these of the cempenents are corhtained by the use of
the welphted averaging process:

\
- 1L At RN
hy = T5F | ha + f m+1,

-/

)

. 1
N

1+F

TN /

ffm
D,
o i} o(.i_)ai\m-*-]. 5

1+ f

EU
i

(21
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o
e
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+
-
g
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ool
i

e
-]
[AW]

WY i ' ’ (22)

o
N
e

B

The valuszs 2f hg, Sﬁjkcph’A’B, a, B, @y and b are given in

table II. | =

chiometric mixture. - The compositicn of the
rangs ig computed from the equilibriumn squa-

t“X?’ &3] ’)t :”S
tion

(cei(i,0)
T (11)
(115)(50p)

i'd
i

where ¥ = 3.8, The uanits of concentration fer the guantitiss in

parentheses are taken as pound moles ver pound mole of original com=
bustien air,

One methed of sgolving this eqguzation for the cenponents of exhaust
gas is &s follows: Ist (Oz'a be the mclzl ceonceontration of oxvgen
per pound mele cof air and (HQG)a be the ﬂclal VOFCEPTTQTLCM of water
vapcr in the air befors ccmbustion. it (GC)
represent the concentration of the evhaust ga

3
bustion air cn the assunption thal the hydrogen
to HoC, then the true ccmpositicn of the ﬁxunu

- 1
\ (uOg , and  (H»0)
par pound mcle of com-
is comg ietely burned
st gas in terms of
these fictitious velues is given by

co) = (Ce) - (Ho)
(Wo0) = (3p0) - (H2) (22)

._\
\‘)
/’)
N\
N
]
—~
<2
l\\
—
o+
o
N
s
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The gquantities (CO)', (Hp0)*, and (CO,)' can readily be

calculated from the known oxygen, water vapor, and fuel quantities
and are given by

.
(COp)t = 2(0g)g - 2 L . Mo fn
2 2la T mi)  2.016(mil)
(c0)t =88 . 2(0,), + —o ™ L (2l)
6(m+1) 2,016(m+1)
(B,0)t = .2 ™ . (5,0)
@ 2.016(m+1) + (F0)a

-’

Substitution of equations (23) into equation (11) and 'solution
for (Hy) gives

Hy) JE{(COZ)’+(CO)'+(H20)’]2+'4(K-1) (CO)(HZ0)™ [K(COZ)+(CO)4(Hy0)'] (25)
2(K - 1)

(

The quantity (Hp) may now be determined from equation (25) and then
(c0), (CO5), and (H,0) may be determined from equations (23).
The values of hy, 8y, cpb, and Ry are obtained by taking

the weighted average of the corresponding properties of the constituent
gases as previously described, giving the relations

hb=_.}...f{-ha- 02)a g, _tf (D + uE) +.(H2)F1
14+f L Mg, (L4m) M, J

sz_}_%a“(oz)aer f (a+m€)+(H2)§}

L+f M, (1-+m) M,
; % (26)
1 [ . (02)a £ (Ho) .
cpb == {Eya 5 c + = (4 + me) + o ¢_]
[ ' AN
o= L . l1- 0 :‘ R _ £ [2.016 + 12m
° 3ﬁfta[ (O2)a| + (14m) 24,192 )_j
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shere
1
C = H . + qu - 2H
i
= o1 -1 15 !
1y (ah% -{cog) / 12 |
e ' i
Bo= {0y o+ Hop - Haq:\/Q.Glé |
‘s\‘ 2ol CC &0 d}ff i i
T = Hoe, * Ay, = ilge - g '
F = 3C2 + 23(‘( - 23‘-.,(\,2

p S > (27)
¢ = ('3;«2( See = Sep \/z.016
N\, A (L 2 /v:_"
€ = 356, * S, = Soc 7 Suu0 !
c=C, 420, -2
P “Foe T Pee
2 o
=20 -6 hNil2

a = 0 + - C ) '!2 rlé
jo - jo i '
{ Pu.o0  "Poc .,,og,i
N, A !
7 =C + 0 Cp, C...
poe,  PH,  TFoe TPrso
H
/

The values of hy, 354, Cp,y o c, D, B, F, ', &, €, L,
c, d, e, and ¢ ars listed in tabtle IT, The values of the
specific heat of water vapor used in the construction of figures 2 to
12 were those given in reference f.

The values giver in tables I and IT include the contributicn te
the stecific heat of water due to meolecular stretching as described
in reference £, No change in figures 9 to 12 is n eu@osarv becaus&
the effact ¢f this added term on the specific heat of sxheust gases
ie very small and affects + cnly in the fourth pldce.
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APPENDIX C

CONDITIONS FOR WHICH +yi/v1 AND Yn/Yq
ARFE FINSTIONS ONLY OF PRESSIRE RATIO

The purpose of 1his discussion is to show the conditions under
which the ratio of the effective values of v to the initial value.
v1.are functions of the pressufe ratio. pljben Expressions for the
effective values-of v will bhe derived.

temperature by

ds = ¢

dr
P

For an isentropic precsss

Je_dT . ™
Pol s v ar_dp (26)
By, T Ry -1 T D

2

"2
oy Y

where these and subseguent logarithms are te the natural logarithmic
base €. Tt is propesed te find first the conditions required for
Yt/&l to be a function only of FL/p2°

From equation (7)
T -~ .
Rg =f1 - E;\ leg 92
AN P1
When this expression for log TE/Tl is equated to equaticn (29) and
solution made for v+, there is obtained

log,

A& e | ‘
Yo TU\p/ O Y P g



L
H

his relaticon shows that v‘/kl is a function of pl/ﬁg only when
m/w1 is a function of r/'plu "Thus ‘

v/v1 = £(p/p1)

p/p1 = Fv/v1)

where f  and

-

indicate function as yet rot knewn. Rut

Therslore, ejusticn (23) becomes

Jdse N'e a7 N dp ’Y'/‘Y'l F'f?(‘\r/vl) d.Y

e (72)
Ry 1T p  Fly/ry) Alv/v) v
Since vy Is & function only cf T and is independent of zny arbitrary
starting noint such as vy, the facter invelving vy must be equal
to a constont. Therefore, a further cendition that Yt/&l is a

frncticn only of pl/bQ is that

v/v1  aF(v/vy)
Flv/v1) 8 (v/v1)

e 88 o

where 1r 1s & constant. When this equation is inlegrated, there
results

1
S oNT
It ("l {,'/" "l = _:_L
(1 / {\;Yj:'/f
From e uqdatlc (z1)
1
~ T

p/b] §1;>

25
P..J
,
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or

/vy = (p/oy)" (2h)

.

is the condition that vt/&l is a function only of PL/pZ' This

condition mey te reststed in & more convenient form.. Eguation (32)
becoms

dis _ dy
Rr) Yy
On dintegration
J(o*Sl)
X
£ B, T o7 o (25)

Fguation (7)) is equivalent te evuaibion (L) and indicates that
i fupction only of py/pp 1n the range where a plot of
h

1

+ Jg/ﬁb yields a strairht line. Th= glope of this line

Figure 1% shows log v plotied agsinst Js/hb for the products
0

a
of combustion of the f01lohlug mixtures:
Lir
Eir + 0,0662 oclane
Air 0,10 octane . .
Lir + 0,10 benzene

+

The gas temperatures are also shown in this figure,

It is noted that in esach case the curves are substentially
atraight in the range of temperatures from 900% to 2500° 7 ahsolute
and the slopes are substantially egual. fn aversge value of r for
the four curves “hown is

r = -0,01)

Suhstitution of (p/@l)r for Y/?l in equation (3C) and integration
vields

i (36)
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Values computed from this reletion chow excellent agreement with
values given in figure 2(b).

Tt will ncw be shewn over the same range of conditicns (that
ig, where Yt/#l is a function conly of pl/bg) that &h/RTl is
& function only of v and pl/bz. By definition

h = PR g}

Tor an lsentropiec grocess

fi

| 2
R

pn o= 2 j T dp
) p

Mt
Yt—l
"
I R
A Jl "15‘"')
where o
P
SO leg \/ 51—\ :
L. (38)
Yl pN i
5/ 71
Thus

From equaticn (38)
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On substitution in the eguation for £h

I

2y

Joh _ ”1} L TYiNE/ g
BpTy 1 Py

Thus !.s.h/Rle is seen tc be a funciicn of only Yy and Pl/Pz

in the range in which lce v is a straight line when pletted against
Je /Ry, -

/ 3 .
An expression for vi/+vy will now be derived.  From equation (£)
1

7
Jhn I r \ h do

wherea h iz constaat during the integration. When this equation
is subtracted from egquaticn (39), there results

rp 11
Y, - Yn
| o t_‘/p\\kdp |
1 F] ’k'(—)-:‘ S b (LJ-O)
41N WA
This equation will be =zelwved te chtaln an expressicn for Yy, as
fullows: TWauation (LO) mav be written
A L.l 1 1]
- T T |
(/L\ /p L"‘(f-—’?—\‘l hz ip:@ /ilT)
J\PL) 1\p1) 1) | 1
- L S .

A useful series for this wnalvsis is

N ne 2. nd z
X =l+nlogx+§§ log';{+3— TogZX + « « o«

i~
=
(393

~

,L --}— and also l— - -l— are very small, the terms in which
1 Yt Y1 Yh

they are involved can be appreximated by the first two terms of the b
ies expansicn, Thus
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[ *
N R
7N ‘ 1 p .1 p | dp
L - e log = 4+ = log = ez ()
gpl Th gpl_jpl

The term L log P
Yt ‘

#~ can be replaced by an expression obtained from
equaticn (%8)
2
Y1 S 1.
(f..P_.\, —i{l-@)}yﬁ.}—log—g—lgﬁ:@
p 1'- D, A\r‘ .)p‘r)
1\t 1 nrl &/ 1 Th 1lf1

-

As T is very smzll (py/p)" can be replaced by the first three terms
of its series expansion.(See equation (112)).  Thus

Fhen soluticon is made for N7iyh there results

f‘2 1
/AN L, 2Prap
J ey B
I—lel-l—r 1\.1/;
Yh 2 re 1
=
w L p
(5) 1w~
}.:l/i P

The integrations indicated in the egquaticn for

Y1/Yy, ¢an be explic-
The fellowing approximate evaluation cf these

re 1 S
7 1 . P N, Yl P
! Q%) log? ~l,%2 = {11—\ log2 7l d log b

Py
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For the purpose at hand it is sufficiently acoursts to replace the
1
oD \ 61 : . ' . . :
term iﬁ“ ) by tre first three terms of the series expansicn

(equatiéh'?hz)). Thus

-
A~ ] Al
B R
ll \ 1
{‘2 g‘ 2 p e 1‘&‘\‘ %D 7 e l~2 , "i .
= {logs — F {1 - ~~.\10q1 tf-+;f1,—._;\ log P_ I 4 log B
J g pl \'\ '110"} tll ‘ "'e.. ].", Dl pl
1 -
L Ps ~ P, po -2 s
alaod 2 E @ Daeh 20 L (1T 108 2
z 5 Y1, 1 '/ Py
Similarly
re 1
‘ Y s ” . ~ P ~ 2
il [\g—\ log 512 ;;E . 1,05,2 - ?’(1- 7 ,logB ‘Té"%z 1~ = 1,ogh
Jl \'L'.“ L ) 1 . L \ 7 F"L
Thus
F P £y "
¥ ’14’%1”}\‘1"”6'2‘*%6-,1 leg? 2
LD, 2 1) "1 \ fl/ F1
TF oL sy log o :
'h z By

- ;"§XLCJ — 4+ %. E, «lw\ Tog? Eg
1./ Proov N Yo/ by

e
+
LNj PO
//;:.\‘

5

Fhen pl/p2 = 1, the brackatesd quantity reduces tc 1. . ¥hen
pl/p2 = 10 and Y= 1.%%, the bracketed quantity is equal to (.951,

Thus it is of sufficient accuracy to take the bracksted quantitv equal
bo unity. Then



g p

1 r 1 o
e 1T+ = log — - ) {2
Yh 3‘ & P2 . 'L—)

Since the last terin is of the order cof

0.C1 or 1353 over thc usual
range of prassure retics,the further quTOY1matLOH

Yh D
?; 1- ; log - 1
1 2 P,

is permiscible.

Velues computed from this r
with vzlues obtained from figure 2(a)

elation agree close

ely
Another form in ich Yh/&l nay be written 1is
r
. 3
Yno P17
1
it e
¥ 1 '\?2’
This relation i3 seen tc re&ucp to the previsuvs forrw when the first
two terms of the series expansion. are tzken. ‘

Other forms for the vy ratics may be Tound thet may be useful.
The quantity Yt/yl reduces to the following expres
first three terms of the

sion when the

AN

se s expansion fo Dy /PoNe  ar : .
ries expans T \pl/Tz) e used

11 14+ % F1
—— +om Tog oo
, 2 ~UR D
Y Ps
This relation may alsc be reuresented tc a sufficient degree of
accuracy by the following equaticn. (3ee equation (L2).)
_r
. 2
Y4, ~ { pl\
Yl 1 \pz ‘,;'.
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Te gumuarize: In the region where log v plots as a straight line
against Js/Rb and when r the slope of this line is small compared

with unity

(L)

T
. o~ D
LRGN (15)
BRI S 2
“{'1 p,;} VT s
r

|
|

; (L45)

For any given value of Js/Rb the difference between the values
of log v given by the surve and the ctraig%t line regents the
percentage error in v when the straight line ie used as an approxi-
metion for the curve (fig. 13). This result follows from the rela-
tion d log v = dy/y. It is noted that in the range from 900° F
shgolute (LLO° 7) to 2800° F shsclute (2140° F) the error in the value
ef v piven by the streight line is less than O 1 percent,

g
B

APPRNDIX D

TR S
Tig LD

AOTION OF THT CORRECTION CTARTS

Tiuree terms are raqvﬂrb“ to correct thermodynarmic quantities Tor
changes in zoE constant and ratic of srpecific heats. The cerrection
factor Xp ds ecual to tue ratio of the gas corstant for exhaust gas
) :

4

Lo that for air.

e 0
= e
133 RN

The correction factor ?Y for the effent of changes in v on W;h
. L
is given by
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MenY a
Ke =1+ Y oty ay
gy oY / Vs

vg being taken as 1.329, the value of vy for air at 1980° F abso-

lutes. The corrections shown in figures 9 to 12 are thus actually
set up for 1980° F absolute. The error involved in the use of this
correction factor for other initial temperatures is negligible.

The correction factor for mass flow KM is given by

Ku = ] 4 (%% ?E)QI
L dY/ Yy .

awth

The values of the two logarithmic partial derivatives ﬁ%ﬁ 5y

% g%, evaluated for 4 v of 1.3% using the formulasgfof constant

and

specific heats, are shown in figure 1li. The values of the correction
factors are practically independsnt of the value of ¥ wused in these
computations.
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NACA ARR No. 4825 3%
TABLE I
THRRMODYNAMIC FUNCTIONS OF EXHAUST-GAS CONSTITUENTS
IN THE STANDARD STATE
? 4 co 0, HgO COg A
(°k) [(°F ebs.) l(if) (a) e 2 ) {b) ()
Enthalpy, H ~ Bg, (Btu)/(1b mole)
300 540 3,665.3 3,763 .4 3,762.6 3,748.5 4,284.8 4,061.0 2,682.3
400 720 4,9156.6 5,010.1 5,007.6 5,026.5 5,743.8 5,755.5 3,576.4
500 900 6,172.7 §,281.6 6,272.6 6,344.3 7:237.9 7,608.2 4,470.5
600 1080 7,431.1 7,773 7,556.2 7,704.0 8,778 9,5890.2 5,3€4.6
700 1260 8,696.3 8,903.2 8,865.9 9,106.5 10,368 11,678 6,258.7
80 1440 9,967.0 10,261.1 10,204,.6 10,542.2 12,009 13,855 7,162.8
900 1620 11,246.4 11,649.4 11,572.4 12,009 13,706 16,107 8,046.9

1000 1800 12,539 13,065 12,967 13,499 15,460 18,419 8,941.1

1100 1880 |13,847 14,506 14,387 15,009 17,266 20,786 9,836.1

1200 2160 {15,171 15,867 16,829 16,538 19,140 23,195 10,729

1300 2340 |16,513 17,447 17,201 18,080 21,046 25,843 11,623
1400 2820 {17,874 18,943 18,769 19,636 23,013 28,123 12,517
15800 2700 |1l9,254 20,453 20,263 21,2085 25,017 30,6831 13,412
Refer- .-
ence 1 2 2 3, 4 5, 6 ! 7
Entropy at 1. atmosphere pressure, S, (Btu)/{1d mole)(°F)
300 540 31.269 | 47.357 45.828 49.061 45,179 51.140 28,332
400 720 33,267 49,366 47.833 51.121 47.509 55.842 29,761
500 900 34,826 50.942 49 .401 62.740 49.361 $6.135 30.870
600 1080 36.101 52.254 50.701 54,117 50.919 §8.141 31.775
700 1260 37.184 53.589 51.822 55,314 52.280 59,929 32.541
800 1440 d58.].26 54.396 §2.815 56.381 53,499 €1.543 33.204
200 1620 38.964 56,304 53.710 57.342 54.608 63,018 33.789
1000 1800 39.721 56,153 54,527 58,214 55.634 €4.370 34.31%
1100 1980 40,413 56,896 85.279 £§9,013 56,590 £5.623 34,786
1200 2160 41.083 §7.602 55,976 59,751 57.490 66,787 36.218
1300 2340 41.680 4g5g,261 56.626 60.437 58.343 67.8785 35.618
1400 2520 42,210 58.876 57.23¢ 61.075 59,151 68.897 35.984
1500 2700 42.739 59.455 &7.807 61.680 59,921 €9.858 36.327
Refer-
ences~ [eermmenma p s 2 2 3, 4 5, 6 7
Specific heat at constant pressure, Cp, (Btu)/(1b mole)(°F)

. 300 540 6.896 6.964 6.260 7.021 " 8,030 8,908 4,967
400 720 6.974 7.013 8,991 7,197 8,192 9.8856 4.967
500 900 €.992 7.122 7.071 7.434 8.425 10.676 4.967
600 1080 7.008 7.279 7.200 7.6756 8.690 11.324 4.967
700 1260 7.038 7.456 7.558 7.890 8,974 11.862 4.967
800 1440 7.079 7,629 7.518 8.089 9,278 12,312 4,967
800 16820 7,141 7.792 7.876 8.216 9,580 12.€89 4.967

1000 1800 7.220 7,956 7.821 8.341 9.891 13.0086 4.967
1100 1980 7.314 8,061 7.952 B.4456 10.196 13.27 4.967
1200 2160 7.408 8,175 8.089 8.53¢ 10,492 13.50 4.967
1300 2340 7.508 8.269 8.169 8.612 10.776 13.69 4.9€7
1400 2520 7,613 8.346 8.252 8.677 11.043 13.86 4,967
1500 2700 7.718 8.422 8,334 8.742 11.201 14.00 4.967
Refer-

enge~= [=cacccsn 1 2 e S, 4 5, 6 7 Cale.

"raking Bo = 0 for COp, HgO, Og, E, for CO and Hp has been assumed to have the values:

gas B,
co 119,626
Hp 102,243

"Values not appearing in the original references,

©Galoulated by ideal gas law, Cp = 4.967, S = £ R log T.

dorigina.
to £0.001 (Btu)/(}

1 reference 1

NAT IONAL ADViSORY
COMMITTEE FOR AERONAUTICS

n error, Tabulated value interpolated and
A e} (oF) | rpolate relatively accurate

calculated by means of the identity H = TS + F.
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TABLE II
DERIVED THERMODYNAMIC FUNCTIONS OF GASES
.
T b Factors for calculating enthalpy h, (Btu)/(1v)
(°K) |(°F abs.)
A B c D E F h,
(1) (1) (1) (1)
300 540 1195.8 26,042 242,385.3| 20,224.8] 61,311.2 | -17,694.9 | 129.13
400 720 1602.6 60,767 | 242,787.5] 20,203.1}| 61,817.8 | -17,465.,8 | 172,48
500 900 2016.9 105.3256]| 242,943.1| 20,350.6] 62,270.7 | «17,121.6 } 216.40
600 1080 2442.8 157.18 242,930.2| 20,401.4| 62,693.3 | -16,712.2 | 261.13
700 1260 2884.9 214 .58 242,808 20,448.4| 63,105.1 | -16,279.6 | 306.85
800 1440 33435.3 276 .07 242,608 20,493 63,514.0 | =15,831.5 | 353.62
900 1620 3821.0 341,50 242,346 20,537 63,927.0 | =15,385.0 | 401.38
1000 1800 4321.6 410,00 242,043 20,580 64,352.0 | ~14,950.0 | 450.04
1100 1980 4842.9 481 .42 241,699 20,623 64,788.0 | -14,521.0 | 499.52
1200 2160 5388.6 554 .75 241,334 20,666 65,244.0 | =14,124.0 | 549.73
1300 2340 5966 .6 630.25 240,940 20,709 65,713.0 | -13,720.0 | 600.58
1400 2520 6545.1 707.25 240, 528 20,751 66,202.0 | ~13,342.0 | 651.96
1500 2700 7152.6 785.50 240,101 20,794 66,701.0 | -=12,968.0 | 703.86
Pactors for calculating entropy s, (Btu)/(1b) (°F)
o B r 5 € ¢ sa
300 540 10.242 00,1733 41.495 3.6312 20,534 «10.121 1.5992
400 720 10.887 2268 42,169 3.7408 21.345 «9,766 1.6686
500 900 11.404 .2829 42,354 3.8124 21,909 «9,315 1,7229
600 1080 . 11.835 + 3583 42,343 3.8639 22,337 -8,931 1.7682
700 1260 12,214 5846 42,234 3,9041 22.689 -8,556 1.8073
800 1440 12.554 +4302 42,087 3.9574 22,992 -8,226 1.8420
900 1620 12.865 .4728 41.918 3.9660 23.262 =7.932 1.8733
1000 1800 13,1569 5130 41,740 3.9913 23.511 =7.676 1.9018
1100 1980 13.434 . 5508 41,559 4.0141 23.741 =7.450 1.9280
1200 2160 13.698 . 5863 41,381 4,0348 25,961 -7.262 1.9523
1300 2340 13.950 .6198 41,209 4,0539 24,171 =7.079 1.9749
1400 2520 14.193 .6518 41,033 4.0713 24.370 -6.920 1.9960
1500 2700 14.426 6815 40.874 4.0877 24.563 =6,779 2.0159
Factors lor calculating specilic heat at constant pressure Cps
(Btu)/(1b) (OF)
a b c d e [ ep,
300 540 2,242 0.1573 3.133 0.4183 3,019 0,810 0,2400
400 720 2,278 «2240 1.453 3451 2.639 1,654 +2421
500 900 2,536 . 2702 « 326 2973 2,416 2.121 2460
600 1080 2.407 +3041 w415 2695 2.504 2.563 2612
700 1260 2.495 3310 -+924 .2540 2.266 2.468 .2569
800 1440 2,599 « 3536 =~1,297 2455 2.277 2.489 2626
900 1€20 2,714 3728 -1,.578 2412 2.323 2.458 «2679
1000 1800 2.838 , 5887 1,797 2389 2.592 2,398 2727
1100 1980 2,983 «4021 -1,973 2377 2.429 2,327 2770
1200 21€0 3,088 4138 -2.116 2375 2.563 2.241 .2808
1300 2540 3,209 4232 =2.230 « 2373 2.658 2,153 2841
1400 2520 3.326 4319 =2,351 2360 2.743 2.084 .2868
1500 2700 3.433 .4382 -2.414 .2370 2.834 2,008 '+ 28886

lthe value for Eo of Hp and CO have been added.

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS
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TLBLE ITITI - THEORETICAL WORY AVATLABLE IN AN ISENTROPIC EXPANSION
[Data from this table were used in preparing figure 3 of report.)

Pressure]Ratio of specific heats at initial temperature, ¥y

rat}O’ 1.28 | 1.30 | 1.32/] 1.3L | 1.36Y] 1.38 | 1.L0
P1/P2 Evailable work, Won/Roll

0.1787{0.178510.178310.1782{0,178010,1778]0.1776
o323 23237 .3231] .3%225] .3219{ .3213| .3208
L6 Lhs3) Ghbba JLh2ol JLh18| LLLOT7) WL397
55121 «5Lh931 L5L751 o5L5T7] .5LLOY .5h2l] .sho8
6L261 6L00I 6375 6351 6%28| .6305] 628l
.8290( .82i16} .820L1 .B16L] .B1l25) 80871 .8050
Ol 29683 96241 <9567 9513 .9L60| 9410
1.092611.084911.077L1.070%{1.063L |1.0567|1.050L
1.19171.182L{1.17351.164911.1567 1. 1437{1.1411
1.350%311.3%332{1.%3266{1.315511.3048{1.291:6{1.284L7
1-47%9{1.4593 114453 {1.4320{1.,L192 |1.L070{1.3952
1.57431.5575(1.5415}1.5261}1.511L {1 . L97h|1 - 1839
1.658311.6%9511.621611.6045]1.5881{1.572L]1.5574
1.733211.709611.689911.6712|1.653%% |1,6362}1.6198
1.7928{1.770611. 7494 {1.7292]1.7099 |1.6915]1.6738

®

e o o
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TARLE IV~ RATIO OF SPECIFTC HRATS OF COMBUSTIQON GASES
[Data from this table wers used in preparing figure L of report,

Temper- Fuel-air ratio

ature 0 | 0.03 | 0.0L | 0.08 | 0.06 | 0.07 | 0.08 | 0.10 | 0.12
(O F abso- i 2 | ! ——= ! l i | !
lute) Ratio of specéific heats, ¥

‘Hrdrogen-carbon ratio, 0.08L

1080 1.375511.356811.351111,3456]1.3003(1.3%5%11.3%357(1,3L78[1.3580
1260 1.36L001.3551{1.%392{1.3%37| 1.%2801.%20911.3237|1.%%36111.3/166
1440 1.353411.3%42§1.328L11.3228{1,317541.3124411,3128]1.325211.3359
1620 1.343911.%24711,%207]1.313%] 1.3080]1.,3029}1,.3%03511,315611.3262
1800 1.3%5711.316611.3108{1.3052{1.299811.29L7{1.2951{1.3072|1.3178
1980 1.3290{1.3096{1.%038{1.2982]1.2929{1.2379{1.2883|1.3003{1.3108 }
2160 1+3230{1,3037|1.297911.2923]11.2370{1.2819 1.282111.29%3811.3041
23040 1432051 1.2987{1.292911.287%}1,2320{1.2770{1.,2771|1.2R86{1.2988

Hydrogen-carbon ratio, 0.189

1080 1.375501.3559]1.%501{1.344511 3393 | mmmmeme 1.345111.3537]1.3635
1260 1.36L0{1.30LL211.3%8%3{1.3327{1.327h |~ 1.3%2L11.3L39|1.3528
140 13534]1.333311.3273]1:3217| 1o316L | e 1.%22511.%%31 |1.3422
1620 1.3139]1,3237{1.3177]1.3120{ 103067 | e | 1,3127 | 13233 [1.3326
1800 1:3357] 13150} 1.3093]143037| 12983 | comemsmmeme 1.%041|1.3148]1.3240
1980 1.329011.3082{1,:5022|14296L{1,2910 | ~——m11.2972 [1.3078|1.3172
2160 163230]1,3021{1.2960{1.2902]1¢28}8 | e ]1.2902 |1.3006|1.30%8
- 2340 1.320511,2969{1.290711.28L9| 1,279l {~—~—eem]1.285C |1.295% |1.30L5

National Advisory Committee
for Aeronautics




TABLE V

- GA

3E

S CONSTANT OF COMBUSTION GASES

[Data from this table wereused in preparing figure 5 of report.)

Fuel~ Hydrogen~carbon ratio
atio | 0.08L 0,100 [ 0.125 | 0.150 | 0.175 | 0.139 | 0.200
Gas constant Rp, (£t 1b)/(1b)(°F)

0.01 }53.12 |53.17 | 53.2L5| 53.32 | 53.39 | 53.L3 | 53.L6
»02 | 52,89 |52.99 | 53.1L | 53%.29 | 53.L43 | 53.50 | 53,5
03 | 52.66 | 52,81 | 53,0k | 53.25 | 53.L6 | 53,57 | 53.66
Ol | 52,45 [52.6L | 52,94 | 5%.22 | 53.50 | 53.6L | 53.77
:05 152,23 152,47 | 52.8L | 53.19 | 53453 | 53.71 | 53.86
<06 }52.01 |52.30 | 52.7h | 5%.16 | 53.57 | 53.78 | 53.95
.07 | 51.805152.1h | 52.65 | 5%3.26 | 54,03 | 5L.L5 | 5L.77
.08 53,23 {52.856]5%.82 | 54,73 | 55.80 | 56,08 | 56.4L
+09 5339 |{5La09 | 55,155} 56.17 | 57.15 | 57.68 | 58.08
210 | 5L.52 {55430 | 56.47 | 57.59 | 58.67 | 59.2L | 59,69
AL 155,63 156,481 57.76 | 58,98 { 60,15 | 60,79 | 61.27
212 1 56.73 [57.65 | 59,03 | 60.35 | 61.61 | 62,30 { 62.82

TARLE VT — TEYPERATURE CHANCE IN AN ISENTROPIC EAPANSION
[Data from this table were used in preparing figure 6 of report.]

Pressire Ratio of specific heats at initis. temperature, ¥y
ratio 1.28 1.%0 1.%2 1.34 1.3%6 1.%3 1.40
pl/p2 Ratio of final temperature to initial temperature, Tp/Ty
1.2 0.9607 1 0.9986 | 0.9566 | 0.9547 | 0.9527 | 0.9509 | 0.9L91
1.l 09285 1 92481 .9212| 91771 .9iL3 | .9111} .9079
1.6 29013 | L8962 | .B91L| .B867 | .8821 | .8777{ L8735
1.8 87781 87171 86571 B600| .85L5 | .8L92 1 .B8LLL
2.0 8572 | .8502 | .8433| .8%631 (8%05 | .82LL| .8185
2.5 LB1L8 | L8059 | J797L | .78921 L7313 | L7738 L7666
3.0 ST8LL | W7712 | J76LS | L7521 S7hZ2 | L7BLE | .T7263
3.5 J75L1 1 L7LB8 | L7322} L7220 L7122 ) L7029 L6939
4.0 <7308 | 7189 | 70795 | 6966 .6862 | 67621 L6667
5 6935 | ,680L | 6679 65601 OLL6 | 632381 .623L
6 H6L1 | 65011 L6368 | W62L2 ) 6122 | 6008 | L5899
7 6401 6255 6116 5985 5860 .57h1 5628
8 61981 6047 590L | 57691 5641 | .5519 | .5L03
9 L6025 1 5869 1 .9723 | 5585 | .5LEL | 53301 .5211
10 5373 | L5715 | .5566 | .oLe6 | (5292 | L5166 | .50L6

Yational Adviscry Ccxmittee
for deronsutics
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TABLE VIT -~ ENTHALPY CHANGE A3 A FUNCTIION COF TEMPERATURE
[Data from this table were used in preparing figure 7 of report.]

Tempar—t Ratio of specific heats at initial temperature, Yq
ature /
ratio, 1.28 1.3%0 1.32 1.3h 1.%6 1.38 1.140
To/T1 Change in enthalpy, ~JAh/RpTy
0.99 10.0L456610.0432910.0L4121]0.039%8{0.03775]0.0%629{0.,03L97
+98 | .09123] .08650! .08236] .07870| .075L5] .0725L .06992
W97 1 J1367 | L1296 § L1234 | .1180 ! L1131 | L1087 | .10L8
W96 1 21821 | L1727 | .16Lh | 1572 | L1507 | L1hL9 | L1397
295 | w227 | 2157 | .205hL | L1963 | L1882 | .1810 { .17LS
<90 | L4523 | .L293 | JLo91 | L3912 | .3752 | 3609 | .3L8O
B | W67hs | L6L06 | L6108 | 5843 | L5607 | <535L | .520L
.80 | .893L | 8491 | 8101 | «778L | .7LLE | L7167 | 6915
275 11,1100 |1.,0550 11.0079% | 96L8 | .9266 | .8922 | .8611L
.70 11,3228 11.2590 {1.2029 {1.1522 |1,1072 [1.0666 }1.0297
O 11,5328 11,4597 11.%3950 {1.3374 {1.2856 |1.2389 [1.1965
W60 11,7401 {1.6580 11.585L |1.5206 {1.u623 11.5096 11.3619
.55 1.7021 {1.6%372 {1.5788 |1.5258

Ta3LE VIII- CRITICAL PRE

ca
I

URE RATTO AND CRITICAL MASS~FLOW FACTOR
[Data from this tablewere used in preparing figure 8 of report.]

Ratio of specific heats at initial ﬁemperature, Y1
1.28 1.30 1.32 1.34 1.36 1.38 1.L0
Critical
pressure | 1.8277 |1.840% [1.3525 |1.8648 {1,87€8 |1,8892 |1.9015
ratio, .
pl/ Py
?M,,ﬂ/ Ry, T .
,:__5K2~l 0.66Lsh| 0.66809)0.671790.6753%10.67892| 0,68232|0.68575
pl T

National Advisory Ccommittes
for Aeronautics
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ToRLE XIT - CORRECTION FACTOR FOR CHANGE IN GAS CONSTANT

Fuel- Hydrogen-carbon ratio

air 10,08l }0.100 [0.125 [0.150 lo.175 |0.189 |2.00

rat: o 3 Correction factor, Kp

0,01 0.995610.996610.9¢ 010,999 11.0007}1.001L}1,0020
202 | 991k .9932) 9961 (9988{1.001L]1.0028]1.0039
0% 1 L98711 9899 9941} .9982:1.0020{1.0041}1.0058
OL | 498301 .9867| .99231 .997611.0027|1.0055]1.0078
05 | 97891 .98351 .990L| +997011.00%3[1.0068{1.005L
06 | .97L91 .980L1 .9886] .9965{1,00L0{1.0081{1.0112
07 | +9710) 97731 98681 .996%11.,0128{1.0206{1.0266
08 1 .97901 990811.0087{1.0258{1.0422{1.0511]1.0579
.09 {1,000611.0139{1.0%38{1.0529{1.0712{1.0811{1.0877
10 11.021911.036511.058L11.079411.099611,1105{1.1188
A1 (1.0L28(1.0587]1.082611.1055(1.127L11.1393{1.1L85
212 11.06%311.080541.106511,131111.1548{1.1677|1.1775

TARLE: XITT - RATIO OF

AT

SPECJIFIC HEATS OF CO

1980° F ABSOLUTE

ABULTION GASES

Fuel-
air
ratt

Hydrogen-carbon ratio

0.08L |o0.100 }o.129

0.150 {0.175 0.189

0.200

Ratio of specif'ic heats

0.01
.02
.0%
Ok
.05
.06
.07
.08
.09
.10
11
12

1.%222
1.3158
1.%096
1.%038
1.2982
1.2929
1,2879
1.2873
1.294L7
1.3005
1.3059
1.3110

1.3221
1.3156
1,309
1.3035
L.2979
1.2926
1.2875
1.2901
1.2962
1.302L
1.3079
1.3121

1.3220
1.3153
1.3001
1.30%1
1.2975
1.2921
1.2870
1.292%
1.298%
1.3040
1.3091
1.3%137

1.3218
1.3151
1.3087
1.3027
1.2970
1.,2917
1.2380
1.2945
1,300l
1.3058
1.3106
1.3161

1.3217
«3L1L9
«304L8
L3502l
L2966
.2913
L2900
.296),
1.3021
1.307%
1.3119
1.2162

i

= e e

1.3216
1.3147
1.3082
1,3022
1.2964
1.2910
1.2910
1.2973
1.30%0
1.3020
1.3126
1.3168

1.%216
1.31L6
1.3081
1.3020
1.2963
1.2909
1.2917
1.2980
1.3036
1.3080
1.3131
1.3172

National Advisory Commitiee

L3



NACA ARR No. 4B25

NATIONAL ADV1SORY
COMMITTEE FOR AERONAUTICS
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i. = Relation between effective and instantaneous

values of y for exhaust gas o
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Figure 2. - Ratio of effective to initial value of y.
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Figure 5. = Gas constant for various compositlons of exhaust

gas.
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Figure 7. - Factor for computing change in enthalpy;

(An

is attached.)
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Figure 8, - Chart for determining critical mass
eritical-pressure ratio.
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Figqure §, - Chart for computing ideal work in a gas-turbine
cycle. Wip = W, KY KR (A 17-in, by 22-in. print of

this chart is attached,)
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Figure I|., - Chart for computing ideal mass flow for conver-
gent nozzle. My = Majr Kpz Ky. (An I7-in. by 22 ~in.
print of this chart is attached.) '
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Figure 12, - Chart for computing ideal turbine power per
unit effective nozzie area, P, = p, KR%KY Ky (A I17=in.

by 22-ip. print of this chart is attached.)
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Figure 13. - Relation between logarithm of y and entropy at

i atmosphere pressure for combustion gases; temperature
interval between points, 180° F.
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Figure 14. - Rote of change of avallable energy and ideal mass flow
with changes in the ratio of specific heats.



